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SUMMARY 


A theoretical investigation of the longitudinal response c har acter - 
istics of a swept -wing fighter airplane using a normal-acceleration con- 
trol system has "been made. The system has been evaluated with normal- 
acceleration plus pitch-rate feedback and normal- acceleration plus pitch- 
rate feedback with a lag network placed in the forward loop. Thp effects 
of Mach number and altitude upon the response characteristics of the 
system and the effects of varying the parameter settings are determined. 
Also discussed are the elevator deflections and pitching velocities 
encountered at various parameter settings and, flight conditions when an 
approximate step co mm and in normal acceleration is impressed on the sys- 
tem. A comparison has been made between the normal-acceleration system 
and a pitch-attitude system when control of the flight path is desired, 
and, for further comparison, an angle -of -attack control and a pitch-rate 
control are discussed briefly. 

Three primary conclusions were reached in this theoretical investi- 
gation; The airplane -autopilot combination incorporating both pitch-rate 
feedback and a lag network can be made to perform well as far as normal- 
acceleration response is concerned, for the flight conditions investi- 
gated, provided some means is available for changing the par ame t e r 
settings. With the parameter settings which give the best response char- 
acteristics, the elevator deflections encountered at high altitudes and 
moderate to low speeds would be very large. Consequently, control-rate 
and control-deflection limitations, which are not considered in t hi s 
paper, will have an important bearing on both the adjustment of param- 
eters and the response of the system except for cases where c omman ds are 
of small magnitude (such as might occur during the tracking phase of the 
attack of an automatic interceptor) . When the pitch-attitude system and 
the normal-acceleration system were used as inner loops for controlling 
the flight path, the pitch-attitude system provided a more rapid flight- 
path response than did the normal-acceleration system. 
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INTRODUCTION 


When automatic controls are added, to the present-day high-speed 
fighter airplane , many possible variations are afforded as to how the 
airplane motions and loads can be controlled. The National Advisory 
Committee for Aeronautics has undertaken a theoretical investigation, the 
general purposes of which are (l) to study the response characteristics 
of an airplane having various types of longitudinal automatic -control- 
stabilization systems, such as pitch attitude, normal acceleration, and 
angle of attack, (2) to determine the effects of changes in altitude and 
Mach number on the response characteristics of the various systems, and 
(3) to determine the effects of changing the parameter settings on the 
response characteristics of the various systems. In the present paper, 
normal-acceleration stabilization and control is investigated and the 
effects on the performance of the airplane -autopilot combination of 
changing the flight_ conditions of the airplane and. the parameter settings 
in the system are discussed. Results of a comparable study of a pitch- 
attitude stabilization and control system are presented in reference 1. 

The types of controls analyzed herein incorporate normal-acceleration 
feedback alone, normal-acceleration plus pitch-rate feedback, and normal- 
acceleration plus pitch-rate feedback with a lag network placed in the 
forward loop . 

The results presented are discussed on the basis of the character- 
istics of the frequency and transient response in normal acceleration, 
such as the frequency at which the peak-amplitude response occurs (here- 
inafter called the peak frequency), the time for the response to reach 
and stay within 5 percent of the steady-state value (hereinafter called 
the response time), the cycles to damp to one- half amplitude, and the 
steady-state error. A discussion is also presented of the elevator 
deflections and pitching velocities encountered at various parameter 
settings and flight conditions when an approximate step command in normal 
acceleration is impressed on the system. The normal-acceleration system 
and pitch-attitude system (ref. l) are also compared when these two types 
of automatic control systems are used to control the flight path of the 
airplane . 

Control systems sensing angle of attack and pitching velocity are 
also discussed briefly with particular regard to comparison of their 
characteristics with those of the normal-acceleration and pitch-attitude 
systems . 
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SYMBOLS 


A aspect ratio 

a time-constant ratio of lag network 


b 


wing span, ft 


C l/2 


°L 

a 



cycles for oscillations to damp to one-half amplitude 
lift coefficient, L/qS 

rate of c hang e of lift coefficient with angle of attack, 
per radian 

rate of change of lift coefficient with angle of attack of 
tail, per radian 



rate of chang e of lift coefficient with nondimensional 
pitching velocity 



rate of change of lift coefficient with rate of change of 
angle of attack 


% 


rate of change of lift coefficient with elevator deflection, 
per radian 



rate of change of pitching-moment coefficient with lift 
coefficient 




rate of change of pitching -moment coefficient with angle of 
attack, per radian 



rate of change of pitching-moment coefficient with angle of 
attack of tail, per radian 


He 

Ha 


rate of ch ang e of pitching -moment coefficient with nondimen- 
sional pitching velocity 

rate of c hang e of pitching -moment coefficient with rate of 
change of angle of attack 


Cm 6 


rate of c hang e of pitching -moment coefficient with elevator 
deflection, per radian 


c 


mean aerodynamic chord, ft 
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X Y 

J = fi 


nondimens ional differential operator, — — 

' V dt 

acceleration due to gravity, ft /sec 2 
pressure altitude, ft 

moment of inertia about Y-axis, slug -ft 2 

normal-acceleration error-signal gain setting, radi ans per g 
pitch-rate-signal gain setting, 

nondimens ional radius of gyration about lateral stability 
axis 

flight-path error- signal gain setting 
lift, lb 

tail length, measured from 0.25c - of wing to 0.25C of 
tail, ft 

Mach number; also pitching moment in figure 1 
mass of airplane, slugs 
normal acceleration, g units 
complex Laplace operator 
dynamic pressure, ^ pV 2 , lb/sq. ft 
wing area, sq ft 

time for response to reach and stay within 5 percent of 
steady-state value, sec 

time, sec 

airspeed, ft /sec 

airplane weight, lb 

longitudinal axis of reference fixed in airplane 
transfer function of elevator servocontrol system 


radians 
radians /sec 
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y 3 

Y k 

z 

a 

7 

Vs 

8 


e 


e l 

9 

A 

V- 

P 

T 

<D 
a ) 

“P 

de/da, 

bH 


airplane transfer function relating pitch attitude to 
elevator deflection 

airplane transfer function relating normal acceleration to 
elevator deflection 

transfer function of lag network 

normal axis of reference fixed in airplane 

angle of attack, radians 

angle of flight path with horizontal, radians 

angle of flight-path error signal, 7 ^ - y Q , radians 

elevator deflection, positive when trailing edge is down, 
radians unless otherwise specified 

error signal, n^ - 

input to elevator servoeontrol system 
angle of pitch, radians 

angle of sweeptack of 0 . 25 -chord line, deg 

relative -density factor, m/pSc 

atmospheric density, slugs/cu ft 

lag-network time constant 

phase angle, deg 

circular frequency, radians/sec 

frequency at which peak in amplitude response occurs, 
radians/sec 

rate of change of downwash with angle of attack 
absolute value of amplitude ratio 
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Subscripts : 
i input 

o output 

ss steady state 

A dot placed over a symbol indicates differentiation with respect 
to time. 


ANALYSIS 


The analysis of this paper was made by conventional techniques in 
which the concept of the transfer function was utilized. Thus, all the 
dynamic elements used in the analysis were assumed to have linear response 
characteristics. Although the elements of the system studied herein 
would, in all probability, exhibit nonlinear behavior under certain con- 
ditions, an investigation of these conditions is beyond the scope of 
this paper. An attempt is made, however, to point out where some of the 
more important nonlinearities might influence the results. 


Airplane Transfer Function 

The transfer function of the airplane relating normal acceleration 
to elevator deflection was obtained from an equation-of -motion type of 
analysis by use of stability derivatives estimated from theory, wind- 
tunnel data, and flight-test data. The various transfer functions used 
are presented in the appendix. The system of axes and the sign conven- 
tions used in deriving the airplane transfer functions are presented in 
figure 1. However, some sign conventions were modified for convenience 
in obtaining the response of the airplane -autopilot combination. The 
modification consisted of changing the sign of the numerator of the air- 
plane transfer function which amounts, in effect, to considering the up 
elevator as positive. This modification is reasonable in that a positive 
elevator input will then produce a positive static response, a condition 
assumed to exist with most servo-Bynthesis procedures. 

In the analysis, the degree of freedom involving changes in longi- 
tudinal velocity was neglected inasmuch as this paper is concerned pri- 
marily with short-period command characteristics. 

Since the coefficients of the airplane transfer function vary with 
airspeed, altitude, Mach number, and other conditions, it is necessary 
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to study the control characteristics for flight conditions that represent 
the normal speed and altitude range of the airplane being considered. 

The four conditions selected were: condition I, M = 0.5 and 

lip = 35,000 feet; condition II, M = 0.7 and hp = 0; condition III, 

M = 0.7 and hp = 35,000 feet; and condition IV, M = 0.9 and 

hp = 35,000 feet. These flight conditions, the basic airplane dimensions, 

and the corresponding airplane stability parameters are presented in 
table I. The airplane and the flight conditions are the same as those 
studied in reference 1. Figure 2 shows the airplane frequency-response 
curves for the flight conditions investigated. These curves are in 
fairly good agreement with similar curves subsequently obtained from 
actual tests. 


Transfer Function of Elevator Servocontrol System 

The frequency response of the autopilot used throughout this anal- 
ysis was obtained experimentally from a bench setup of a special auto- 
pilot system whose characteristics made it suitable for use in a high- 
speed fighter airplane . The autopilot considered (same as used in 
ref. 1) had essentially constant amplitude-response characteristics up 
to a frequency of about 6 cycles per second. The frequency response of 
this system is shown in figure 3, sod & block diagram of the system is 
as follows: 


s 



Gain 



adjuster 




Gain 



adjuster 



Servo- 

control 

motor 




Transfer 

valve 


Pilot 

piston 


Variable - 
displacement 
pump 


Airplane-Autopilot Combination 

Initially the airplane -autopilot combination was investigated with 
the autopilot sensing acceleration errors only; however, pitch-rate 
feedback was incorporated throughout most of the investigations in order 
to improve the stability of the system and enable the use of higher sys- 
tem gains. In addition, a lag network was ultimately placed in the 
forward loop in order to reduce the large steady-state errors which 










8 


NACA ra 3191 


existed without the lag network. A block diagram of the airplane - 
autopilot combination with pitch-rate feedback and lag network is as 
follows : 



Dynamically, the feedback elements which measure normal acceleration and 
pitch rate were assumed to have an amplitude ratio of one and a phase 
lag of zero. The open- and closed-loop transfer functions of the systems 
analyzed are presented in the following table; 


Type of system 

Open loop 

no/e 

Closed loop 
n o/ni 

Complete system 

KnJl^Yk 

Kn e YiY 5 Y4 

1 + K r Y x Y 2 D 

1 + KrY^D + K^YiYjY],. 

System without lag 
network 

1 

Kn £ YlY3 

1 + KrY-lY^ 

1 + Ws D + V lY 3 

System without pitch- 
rate feedback or 
lag network 

Vi t 3 

%Jl ^3 
1 + Kn J1Y3 
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where 

Y-i transfer function of elevator servocontrol system 

Y 2 airplane transfer function relating pitch attitude to elevator 

deflection 

Y^ airplane transfer function relating normal acceleration to 

elevator deflection 

Yi, lag-network transfer function, 

* 1 + Tap 

The procedure used in establishing the parameter settings K-, 

K^ £ , t, and a for the complete system is as follows: The gain 

settings Kr and were initially determined by a well-known tech- 

nique which involved adjusting the peak amplitude ratio of the closed 
loop (see ref. 2, pp. 185 to 188). At each flight condition investi- 
gated, the gain setting was determined so that the peak amplitude 

ratio of the inner loop was adjusted to a value of approximately 1.2. 
Then, the error gain setting was determined in a similar manner 

so that the peak amplitude ratio of the outer loop was also adjusted to 
a value of approximately 1.2. At this point, it should be noted that, 
for the normal-acceleration systems investigated, a unit static sensi- 
tivity was not achieved. Thus, the degree of stability of these systems 
is more directly related to the ratio of the peak amplitude ratio to the 
static- amplitude ratio than to the peak amplitude ratio itself. Because 
a close approach to a static- amplitude ratio of one was desired, however, 
combinations having low static -amplitude ratios were not of interest and, 
therefore, adjustment to a given peak amplitude ratio was justified. For 
the normal-acceleration system investigated with the best gain adjust- 
ments at each flight condition, the static-amplitude ratios obtained when 
the peak amplitude ratio was adjusted to 1 . 2 , resulted in ratios of peak 
amplitude ratio to static -amplitude ratio which varied from 1.4 to 1 . 7 . 
Variations of this magnitude would be expected to have but little effect 
on the transient -response characteristics of the system. Further refine- 
ment in adjusting the characteristics of the outer loop was not felt to 
be warranted in the absence of a more definite criterion on the relative 
importance of such factors as steady-state error, response time, and the 
degree of system stability. 

The values of the lag-network variables t and a were determined 
from Nyquist plots of the system without the lag network. M-circles were 
superimposed on the plots to determine the frequency range over which an 
integrating characteristic was required. After incorporating the lag 
network, was readjusted to maintain a peak amplitude ratio at the 
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value selected. In order to verify that the values of the parameters 
obtained by the technique just described were near the best values for 
the chosen system, the effects of altering the parameter settings were 
investigated. While the other settings were held constant, each param- 
eter setting was decreased and increased by 50 percent of its original 
value. At the same time, was changed to maintain a peak amp li tude 

ratio at the value selected. In this manner, the trend of the frequency- 
response curves could be seen. In addition to varying the p arame ter 
settings in order to determine their effects on the frequency and tran- 
sient responses, the effects of holding the system parameter sett ing s 
constant while varying the flight condition were investigated. Initi ally , 
the parameter settings which gave the best results at the altitude 
cruising condition, condition III (M = 0.7, hp = 35,000 feet), -were 

used and, finally, the parameter settings which gave the best results at 
the sea- level condition, condition II (M = 0.7, h p = 0), were used. 

As mentioned previously, the values of system parameters were chosen by 
techniques applicable only to linear systems. The gain settings so 
obtained were large compared to those currently considered for use in 
this type of control system (particularly for high altitudes at low to 
moderate speeds). The use of lower gains may be- dictated by consider- 
ations of control-deflection limitations and control-rate limitations . It 
should be pointed out that gains which gave the best results at sea level 
were much lower than those determined for high altitudes. Since opera- 
tion at high altitude with the sea-level gain settings was investigated, 
effects on the system response of operating with reduced gains are 
included in the present study. 

The Fourier synthesizer, the type described in reference 3; was 
employed to establish the transient-response characteristics for nl 1 the 
systems analyzed from their closed-loop frequency response. The input 
quantity, normal-acceleration command n^, was in the form of an approx- 
imate square wave utilizing the first 2b harmonics of a Fourier series 
(see fig. 4). 

The response characteristics that were used to evaluate the various 
conditions were (l) the peak frequency o)p, (2) the response time *R> 

(3) the number of cycles to damp to one -half amplitude C-j aM 

(4) the steady-state error e BS . In addition to obtaining the transient 

responses in normal acceleration, calculations were also made of the 
elevator deflections needed to produce these responses and of the pitching 
velocities encountered when the system was subjected to the normal- 
acceleration command. Expressions for the transfer functions s/n^ 

and &/n± are presented in the appendix. These relations were employed 
to determine the associated transient-response character! sties through 
use of the Fourier synthesizer. The elevator deflections and pitching 
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velocities were investigated at all four flight conditions with the best 
parameter settings obtained at each condition, with the parameter sett ing s 
held constant throughout all conditions at the best values obtained for 
the high-altitude cruising conditions, and with the parameter settings 
held constant throughout all conditions at the best values obtained for 
the sea-level condition. 


Normal-Acceleration Autopilot As a Command 

System for Control of the Flight Path 

A typical application of the normal-acceleration airplane -autopilot 
combination is to control the flight path of the airplane. A block 
diagram of such a system is as follows: 



The open- loop transfer function appears symbolically as 

7 £ ~ e n ± n 


The parameter settings UBed in evaluating this system were the best 
settings obtained at each flight condition of the normal-acceleration 
airplane -autopilot combination which utilized both the rate-gyro and 
lag -network systems. When these parameter settings were used, the tran- 
sient responses of the system at all four flight conditions were deter- 
mined. In addition to obtaining the transient responses in flight path, 
calculations were also made of the elevator deflections needed to produce 
these responses and of the normal acceleration imposed upon the airframe 
when the system was subjected to the flight-path command. Expressions 
for the transfer functions 7 0 /7± } §/7±> and n/ 7 ^ are presented in 

the appendix. 




12 


NACA ICT 3191 


RESULTS ML DISCUSSION 

Airplane -Autopilot Combination Without Pitch-Rate 
Feedback or Lag Network 


The best frequency and transient responses obtained for the system 
without pitch-rate feedback or lag network are shown in figure 5 for all 
four flight conditions. The approximate square -wave input produced by 
the Fourier synthesizer is also plotted for comparison. For simplicity, 
this input curve in figure 5 and in subsequent figures was smoothed so 
that the ripples existing in the actual input (see fig. 4) would not 
appear. The fairing of this curve was justified because the frequency 
of the ripples was high enough to have no significant effect on the out- 
put; small ripples were caused by the limited number of harmonics uti- 
lized by the Fourier synthesizer. In addition, the parameters tQp, T^, 

C x y 2 , and e ss which are associated with each frequency and transient 

response are tabulated in figure 5* Note that the acceleration tran- 
sients in figure 5 and subsequent figures initially tend to go in the 
opposite direction from the command. This condition results from the 
fact that the initial change in tall load with elevator deflection 
produces an acceleration opposite to that ultimately obtained in the 
steady state. 

It is obvious from figure 5 that, for all four flight conditions, the 
dynamic characteristics of the airplane -autopilot would be unsatisfactory 
because of the long time required for the airplane to respond to an 
applied command, the very low damping of the system, and the large 
steady- state error. Improvement in the transient response could be 
effected by increasing both the amplitude ratio at the low-frequency 
end of the frequency-response curves and the peak frequency without 
increasing the peak amplitude ratio of the curves. As is well known, 
the addition of derivative feedback would make it possible to accomplish 
this purpose. 


Airplane -Autopilot Combination With Pitch-Rate 
Feedback Withoug Lag Network 

The frequency and transient responses obtained with pitch-rate 
feedback incorporated for the four flight conditions are presented in 
figure 6. A comparison of figure 5 'with figure 6 shows that the addi- 
tion of pitch-rate feedback improved the system inasmuch as the static 
value of the frequency response was increased, the peak frequency was 
increased, and the response time was decreased. Even though the system 
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was improved with, the addition of pitch-rate feedback, the amplitude 
ratio at the low-frequency end of the frequency-response curve did not 
increase sufficiently to afford the attainment of a reasonably smal 3 
steady-state error. [Therefore, in order to increase the amplitude ratio 
at the low-frequency end of the frequency-response curve and lower the 
steady-state error, a lag network was incorporated in the system. 

With the assumed static margin, a steady-state error will always 
exist when the autopilot is operated by the acceleration error alone. 

The values for the example airplane presented in table I show 

that, for the flight conditions investigated, the airplane had a fairly 
large static margin. Reduction in the static margin would reduce the 
steady-state errors obtained herein. In fact, for approximately zero 
static margin, an integrating characteristic would exist in the airplane 
transfer function. This consideration and others, such as the magnitude 
of elevator deflection to obtain a given response, indicate the desir- 
ability of operating with low static margins when under automatic 
control. 


Airplane -Autopilot Combination With Both Pitch-Rate 
Feedback and Lag Network 

The frequency and transient responses obtained with both pitch-rate 
feedback and a lag network incorporated in the system are presented in 
figure 7 . Results are shown for all, four flight conditions when the 
best parameter settings obtained were used. These settings were obtained 
by examining the trends in the response curves as the system parameters 
were varied. Typical effects of varying system parameters are presented 
in figures 8 to 13- The original parameter settings (middle row of 
figs. 8 to 13) are not necessarily the best settings. A comparison of 
figure 7 with figure 6 shows that, for all four flight conditions, the 
amplitude ratio of the frequency-response curve at low frequencies was 
greatly increased and, as a result, there was a sizeable decrease in 
the steady- state error. If perfect integration had been provided by the 
lag network, the steady-state error could have been reduced to zero for 
all conditions; however, because of the appearance of a secondary peak 
at low frequency, it was necessary to select a lag network which would 
not continue to increase the gain all the way to zero frequency. With 
the network chosen, the usable error gains increased sharply at each 
flight condition because of the attenuation at high frequencies afforded 
by this lag network. The peak frequency of the frequency- response curves 
decreased somewhat, but the large increases in amplitude ratio at fre- 
quencies below the peak more than offset the adverse effect of this 
decrease. Thus, the results presented in figure 7 indicate that the 
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present airplane -autopilot combination can be made to have a very rapid 
normal-acceleration response, provided seme means of changing the param- 
eter settings is available. 


Effects of Varying the Parameter Settings 

In figures 8 to 13, the original parameter settings were determined 
by the procedures outlined in the analysis. Only conditions II 
(M = 0.7, hp = 0) and III (M = 0.7, h p = 35,000 feet) were used to 
illustrate the effects of varying the parameter settings since the other 
conditions were found to produce similar results. For the purpose of 
determining the effects of variations in the parameter settings, the 
original values of the parameter settings were (l) decreased by 50 per- 
cent and (2) increased by 50 percent while the peak-amplitude ratio of 
the outer loop was maintained constant. The results obtained with these 
changes in parameter settings are presented in figures 8 to 13. This 
original case corresponds to the middle row in each figure . For perfect 
following, the amplitude response would have a value of unity from zero 
to infinite frequency and the phase-angle curve would be zero for all 
values of co. This result obviously is impossible to achieve in practice, 
but any modification which serves to increase the peak frequency a>p or 
increase the magnitude at low frequencies of the frequency-response curve 
without encountering a high peak amplitude ratio makes possible a closer 
approach to this ideal curve . Similarly, inasmuch as perfect following 
would involve no phase lag, any modification that generally reduces the 
phase-angle variation with frequency would improve the response. 

Figures 8 and II show the results of the airplane -autopilot combina- 
tion with both pitch-rate feedback and lag network when the pitch-rate 
gain is altered by ±50 percent of its original value for conditions II 
and III for the sea-level and altitude conditions at M = 0.7* In both 
figures, it is readily apparent that an increase in pitch-rate gain 
increases the peak frequency and makes possible an increase in error 
gain to a limited extent. Too much of an increase in pitch-rate gain 
lowers the amplitude ratio of the frequency-response curve at frequencies 
below the peak frequency and thereby makes the response sluggish. 

Altering the pitch-rate -gain setting did not appreciably affect the 
static value of the frequency-response curve. 

The response time exhibited moderate increases when the pitch- rate 
gain was increased by 50 percent, and a decrease of 50 percent in pitch- 
rate gain setting increased the response time considerably. The effects 
of changes in pitch-rate gain settings on the stability of the system in 
terms of CWg was more pronounced than the effect on Tg. 
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The results obtained when the lag-network time constant r was 
altered are presented in figures 9 and 12 . Act ually , the reciprocal of 
the time constant, the break frequency, was the parameter that was var- 
ied by ±50 percent since the analysis was done in the frequency domain. 
When the break frequency was altered in this manner, t was doubled and 
then reduced by two-thirds of its original value. As the time constant 
was increased (the break frequency being decreased by 50 percent), the 
peak frequency increased. The figures indicate that there was a more 
pronounced effect on the peak frequency for a 50 -percent increase in 
break frequency than for a 50 -percent decrease in break frequency. The 
response characteristics Tj>, Cq/p* 2 nd - e ss not change appreciably 
when the time constant r was altered, but this result was obtained with 
the ratio of the time constants of the lag network held fixed which in 
turn fixed the ratio of the low-to-high frequency gain of the 1 ng 
network. 

Figures 10 and 13 present the results obtained when the time -constant 
ratio of lag network a was increased and decreased by 50 percent of 
its original value. These figures indicate that an increase in the 
time-constant ratio decreases the peak frequency but increases the error 
gain setting of the system. Since the error gain setting increased with 
an increase in a, the percentage of steady-state error e ss decreased 

because e ss is directly dependent upon the error gain setting. It is 

obvious from figures 10 and 13 that the time-constant ratio affects the 
low-frequency end of the frequency-response curve but has little effect 
at high frequencies. Neither the response time Tg nor the stability 
of the systems in terms of C jy 2 was significantly altered with a 

±50 percent change in the time-constant ratio. Although there was a 
sizeable decrease in steady-state error as the time-constant ratio was 
increased, the magnitude of this ratio was limited by the appearance of 
another peak in the frequency-response curve at fairly low frequencies. 
This tendency toward a low-frequency peak can be detected in seme of the 
frequency-response curves presented in figures 10 and 13 . 


Effects of Mach Number and Altitude 

The variation of the parameter settings with flight conditions is 
necessitated by the alterations in the airplane frequency response (as 
shown in fig. 2). The effects of change in Mach number at a constant 
altitude (35>00O feet) can be seen by comparing conditions I, III, and 
IV (Mach numbers of 0.5* 0.7* and 0.9* respectively) of figure J. Fig- 
ure 7 presents the results of the four flight conditions investigated 
when the best parameter settings obtained at each condition are used. 

As the Mach number is increased from 0.5 to 0.9* the gain sett ing s 
decrease in ma gnitude by a factor of about 2.5 while the lag-network 
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settings change only slightly. This decrease in gain settings is made 
possible because, at subsonic speeds, the frequency response of the 
airplane usually improves with increased airspeed. A point worth noting, 
however, is that, with the best parameter settings obtained at each high- 
altitude condition (fig* 7) , the response time and degree of stability 
of the airplane -autopilot combination correspond closely for all the 
flight conditions investigated. Since the lag-network settings r and 
a change only slightly with an increase in Mach number, there is an 
indication that these settings could be held constant with changes in 
Mach number. 

A comparison of conditions II and III of figure 7 (altitudes of 
sea level and 35*000 feet, respectively) shows the effects of altitude 
change at constant Mach number (M = 0.7)* la. going from sea level to 
an altitude of 35,000 feet, the best pitch-rate gain setting obtained 
increased by a factor of about 4 while the best error gain setting 
obtained increased by a factor of about 7. The parameter settings of 
the lag network decreased only slightly; this decrease indicated that 
constant settings may be used for the lag network when either the alti- ' 
tude or Mach number are changed. The necessity for the increase in 
pitch-rate gain and error gain settings with increase in operating 
altitude can be seen by comparing the airplane frequency-response curves 
for the two altitudes investigated (see fig. 2). The response character- 
istics of the airplane are much better at lower altitude. A more 
detailed discussion of the effect of altitude on the airplane response 
is contained in reference 1. 

The analysis thus far has shown that the parameter settings of the 
airplane-autopilot combination with both pitch-rate feedback and lag 
network can be adjusted to give high performance at each flight condi- 
tion; however, a simpler automatic system would result if parameter 
settings could be held constant through the Mach number and altitude 
ranges. The effects of holding the parameter settings constant while 
varying the flight conditions were, investigated and the results are shown 
in figures 14 and 15. In figure l4, the parameter settings that were 
chosen were the best parameter settings obtained for the altitude cruising 
condition (see fig. 7). The system became unstable at conditions II 
(M = 0.7, hp = 0) and IV (M = 0.9, hp = 35,000 feet) whereas at condi- 
tion I (M = 0.5, hp = 35,000 feet) there was a large increase in 
response time. In the case of conditions II and IV, the large pitch- 
rate gain (compare best pitch- rate gains of figs. 7 and l4) caused the 
inner loop of the system to become unstable. The system became sluggish 
for condition I because of the substantial decrease in error gain. 

In figure 15, the parameter settings that were held constant as the 
flight conditions were varied were the best parameter settings obtained 
for the sea-level condition (see second row of fig. 7)* All the flight 
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conditions in this figure are stable. At the altitude conditions, the 
system bec ame very sluggish but improved as the Mach number was increased. 
This response resulted from the low gain settings and obtained 

at the sea-level condition in comparison with the best gain settings 
obtained at altitude; however, there is still the possibility of oper- 
ating the normal-acceleration airplane -autopilot combination by using a 
compromise of gain sett ing s provided it is established that a much slower 
response can be tolerated than the best response obtained for each 
condition. 


Elevator Deflections and Pitc hing Velocities 

The response characteristics of the basic controlled quantity, in 
this case normal acceleration, do not alone determine the adequacy of 
a given system. The control motions are important in determining the 
effects on the ma xim um rate, force, and power output of the servomotor. 

In addition, the pitching motion may be important. 

Because of these aspects, the elevator deflections and the pitching 
velocities in response to the approximate step command in normal accel- 
eration were investigated for each flight condition. The results 
obtained when the best parameter settings at each flight condition were 
used are presented in figure 1 6 . 

The magnitudes of the elevator deflections at their initial peaks 
are somewhat under the value expected from the error gain setting. Since 
the ratio 8 /[pif ss tias the units of degrees per g, it is necessary to 
divide the control deflections in figure 1 6 by 57*3 80 that both the 
quantities 8/[nqJ gB and are in the same units. For an input of 

the abruptness shown, these ratios indicate that for conditions I 
(M = 0.5, h p = 35,000 feet) and III (M = 0.7, hp = 35,000 feet), the 

control rates and deflections are very high. Consequently, control-rate 
and control-deflection limitations, which are not considered herein, will 
have important effects on the response except for commands of small mag- 
nitude. The pitching velocities as plotted in figure 1 6 are within 
reasonable limits for conditions II (M = 0.7> hp = 0) and XV (M = 0.9* 
hp = 35,000 feet), but the magnitudes for conditions I and HI are large. 
The magnitudes at s.1 1 four flight conditions could be reduced at the 
expense of the response, if it were established that a poorer response 
could be tolerated. 

The details of the pitching velocities in response to a normal- 
acceleration comma nd , are of interest in that they afford seme insight 
into the characteristics of a pitching- velocity command system as com- 
pared with a normal .-acceleration command system. The time histories of 
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pitching velocity show that its peak values attained in response to an 
acceleration command are many times the values ultimately attained in 
the steady state . This observation leads to the conclusion that if a 
pitching-velocity command system "were optimized to have the pitching- 
velocity response follow a step command as closely as possible, the 
normal-acceleration response to a pitching-velocity command would tend 
to be quite sluggish. In applying these command systems to control the 
flight path of an airplane, the impression is gained that the normal- 
acceleration command system would be superior, since the rate of change 
of the flight path is directly proportional to the normal acceleration 
and, as pointed out, the transient -response characteristics in normal 
acceleration would be much superior for the normal-acceleration command 
system than for the pitching- velocity command system. 

The elevator deflections and pitching velocities in response to 
normal-acceleration commands were also obtained for the cases where the 
autopilot parameter settings were held constant and the flight conditions 
varied. The effects on the normal-acceleration response have been pre- 
sented in figures l 1 !- and 15 . The chief observation relative to the ele- 
vator deflections and pitching velocities is that the peak values of these 
quantities were of the same order of magnitude for all flight conditions 
investigated when the parameter settings were fixed. When the sea-level 
settings (see fig. 1 6 ) were used, the peak values were not usually large, 
being about 3 degrees per g for elevator deflections and about 0.2 radian 
per second per g of pitching velocities. 


Comparison of Normal-Acceleration and Pitch-Attitude 
Systems When Used To Control Flight Path 

As implied previously herein and as pointed out in reference 1, 
often the purpose of a command system is to provide control of some 
quantity other than the basic quantity. In particular, various types 
of command systems are used to control the flight path of an airplane. 
Accordingly, the use of a pitch- attitude command system to control the 
flight path was discussed in reference 1. As pointed out therein, a 
pitch- attitude system with no external-path loop affords control of the 
flight path since there is a one-to-one correspondence between the 
flight-path angle and pitch-attitude angle of an airplane in the steady 
state; however, under these conditions, the flight-path response tended 
to be sluggish even with an extremely rapid attitude response. In order 
to use a normal-acceleration command system for control of the flight 
path, a modification must be made to make the system sensitive to the 
flight path itself, since a steady normal acceleration of an airplane 
produces a steady rate of change of flight path. This modification can 
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be accomplished, by adding an outer loop sensitive to flight path and 
producing an acceleration command proportional to the error between the 
desired end existing flight-path angle. Such a modification could also 
be made to a pitch-attitude command system and the flight-path responses 
might thereby be improved over those presented in reference 1. Expres- 
sions for the transfer functions 7 0 / 7 ±> ^/ 7 ±> aDJ ^- n Ai> using 

the pitch-attitude system, are the same as those presented in the appen- 
dix for the normal-acceleration system except that the 0 o /Q-j_ transfer 

f inaction presented in reference 1 is substituted for the Ho/ n i tr ans fer 
function. 

Figures TJ and 18 present the flight-path response, elevator deflec- 
tions, and normal accelerations encountered when the normal-acceleration 
system considered herein (fig. 17 ) and the pitch- attitude system con- 
sidered in reference 1 (fig. 18 ) are used as an inner loop in a flight- 
path control system. Both figures indicate that the flight-path responses 
are slow in comparison with those obtained in the normal-acceleration 
system or the pitch-attitude system but are considerably improved over 
the path responses obtained in reference 1. The elevator deflections 
are very rapid. In most instances, the elevator deflections have under- 
gone a large amplitude pulse before significant path responses have 
occurred and also have nearly steadied out as the flight-path response 
reaches its initial peak. The magnitude of the elevator deflections 
for altitude conditions I, III, and IV are high, but the normal accelera- 
tions produced by these deflections are not particularly large because 
of the high frequencies involved in the elevator motion. 

A comparison of the flight-path responses in figures 17 and 18 
indicates certain important differences between use of the normal- 
acceleration system and the pitch-attitude system as an inner loop in a 
flight-path control system. The flight-path responses are more rapid 
for the pitch-attitude system than for the normal-acceleration system 
and reflect a significantly higher peak frequency for a given peak 
magnification of the outer loop for the pitch- attitude system. This 
better transient response for the pitch- attitude system stems from the 
better frequency-response characteristics (particularly in phase) 
obtained for the attitude command system than those which were obtained 
for the normal-acceleration command system. In addition, the airplane 
transfer function relating flight path to attitude has somewhat better 
phase characteristics than the airplane transfer function relating flight 
path to normal acceleration. On the other hand, because the airplane 
transfer function 7 /e does not have an integrating characteristic as 
does the transfer function 7 / n, the flight-path response using the 
pitch-attitude system does have a steady-state error. The ability to 
maintain steady-state errors as low as those shown in figure 18 is 
dependent on the ability to obtain a pitch-attitude command system with 
as high a performance as was obtained for the one examined in reference 1 . 
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The mag nitude of the elevator deflections are much less when the normal- 
acceleration system is utilized, and this fact also may be a considera- 
tion in selecting the type of command control system. 


Comparison of Pitch- Attitude and Normal- Acceleration 
Systems With a System Which Controls Angle of Attack 

Another important variable in the longitudinal motion is- angle of 
attack. Automatic control of this quantity may be desirable under 
several flight conditions, in particular, during landings where a safe 
margin below the stall angle of attack is desired and during cruising 
where angle of attack is a primary variable in the determination of 
range performance. As with the normal-acceleration and pitch-attitude 
autopilots, an angle-of-attack autopilot might also be used as an inn er 
loop in the control of some other quantity such as flight path. Inclu- 
sion of the study of an angle-of-attack autopilot in a general survey of 
longitudinal-control systems, therefore, is desirable. 

■Early in the analysis of an angle-of-attack system, certain simi- 
larities between it and the pitch-attitude system became apparent; there- 
fore, further analysis of the angle-of-attack system was obviated. This 
similarity can be attributed directly to the airplane transfer functions 
which involve pitch attitude and angle of attack. For comparison, these 
transfer functions are plotted in figure 19 for the example airplane used 
in the analysis at a Mach number of 0.7 and ah altitude of 35,000 feet 
and, in terms of the airplane stability derivatives, are as follows: 

0 _ (^6°%^ ~ + 

6 (^ 2 V + + (-^Su + ‘WV* - 2 ^D8 + - Se%J I,£ + (- 2l Sx + 


(- 2 ^%^) + 2nCn B - q n5 C LDe + 




The two frequency responses are substantially the same over a large range 
of intermediate frequencies. This similarity results from the dominance 
of the term 2^0^ in the numerator of both transfer functions. For the 

angle-of-attack transfer function (in the case of the example airplane), 
the 2(10^ terms are of an order of magnitude . greater than all others at 

frequencies above 5 radians per second, and, for the pitch-attitude trans- 
fer function, this term is of an order of magnitude greater than all 
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others at frequencies "below about 100 radians per second. The discrep- 
ancies "between the two transfer functions at large frequencies is unim- 
portant since the airplane response is so attenuated as not to affect 
the response characteristics of the airplane -autopilot combination. Of 
course, the lack of a low-frequency integrating characteristic in the 
case of the angle -of -attack transfer function is important, but such a 
characteristic can be provided by incorporating a lag network of the 

form — *- .. 1 2 in the complete system. With this addition, the transfer 
rp 

function of the complete system for controlling angle of attack can be 
made about the same over the important range of frequencies as obtained 
for the system which controls pitch attitude. This result may be seen 
from the plots presented in figure 20 for the transfer functions of the 
angle -of -attack and pitch-attitude airplane -autopilot combinations. The 
magnitudes of pitch-rate gain and error gain for the best response were 
found to be practica ll y the same for both systems. Actually, it was found 
possible to provide a seme what better integrating characteristic in the 
system through use of a lag network than was inherent in the airplane in 
the case of the pitch-attitude system, but this difference did not mate- 
rially affect the similarity of the transient -response characteristics of 
the two systems. The general conclusion to be derived from these obser- 
vations is that the results for the pitch-attitude systems presented in 
reference 1 and in this paper are, in general, directly applicable to an 
angle -of -attack system, provided an integrating characteristic is incor- 
porated in the angle-of -attack autopilot. 


CONCLUSIONS 


A theoretical analysis has been made of the longitudinal, response 
characteristics of a swept -wing fighter airplane having a normal- 
acceleration control system. The effects of varying the parameter 
settings of the system and the airplane flight conditions were investi- 
gated. Results are applicable to the range of conditions in which the 
system exhibits linear behavior. Therefore, the responses obtained are 
believed to be considerably better than could be obtained under many 
conditions because of the detrimental effect of such nonlinearities as 
control-displacement limitations and control-rate limitations . The 
results do apply directly when commands are of small magnitude (such as 
might occur during the tracking phase of the attack of an automatic 
interceptor). From this analysis the following conclusions were reached: 

1. When the frequency responses and transient responses of the 
normal-acceleration system with normal-acceleration feedback alone were 
analyzed, the error gains were limited to low values of all flight con- 
ditions by consideration of system stability. As a result, the response 
in nor mal acceleration was sluggish and large steady-state errors occurred. 
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When the system incorporated both a pitch- rate' gyro and a lag network in 
the forward loop, very rapid responses could he made provided that some 
means was available of c h a n ging the gain settings with flight conditions. 

2. The normal-acceleration system was fairly sensitive to c hang es 
in pitch-rate gain. A 50-percent change significantly affected the 
stability of the system, the response time, and the steady-state error. 

3* An increase in Mach number from 0.5 to 0.9 at an altitude of 
35,000 feet decreased the magnitude of the gain settings for the best 
response characteristics by a factor of about 2.5. This reduction was 
brought about by a general improvement in the airplane frequency response 
with increase in airspeed in the subsonic speed range. Similar effects 
resulted from decreasing altitude at a constant Mach number. 

In view of the fact that the lag -network parameter settings r 
and a retained approximately the same magnitude at each flight condi- 
tion, it is concluded that these parameters could be held constant 
throughout the flight conditions investigated. 

5. At a Mach number of 0.7 at sea level or at a Mach number of 0.9 
at high altitudes, with the best parameter settings obtained for cruising 
speeds at high altitudes being used, the system became 'unstable . At high 
altitude, with the best parameter settings obtained for the sea-level con- 
dition, there was a general trend, toward improved stability but a much 
more sluggish response. 

6. If a pitching -velocity command system were optimized to have the 
pitching-velocity response follow a command as closely as possible, the 
normal -acceleration response obtained with the pitching-velocity Bystem 
would tend to be quite sluggish as compared with the normal-acceleration 
response obtained with the normal-acceleration system. In applying these 
c omman d systems to control the flight path of an airplane, the impression 
is therefore gained that the normal-acceleration command system would be 
superior . 

7. When the pitch-attitude system considered in NACA TN 2882 and 
the normal-acceleration system considered herein were used as inne r loops 
for controlling the flight path of the airplane, the pitch -attitude 
system showed a more rapid flight -path response t han did the no rmal - 
acceleration system, but the pitch-attitude system exhibited a steady- 
state error. 

8. A preliminary analysis of an angle -of -attack system indicated 
that its characteristics, both as a command system for control of angle 
of attack or as an inner loop for control of some other quantity, would 
be practically the same as for a pitch-attitude system provided an 
integrating characteristic is incorporated in the angle-of -attack 
autopilot . 
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9. For all systems studied, very high gains were utilized, particu- 
larly for the high altitudes at moderate to low speeds. As a result, 
the elevator rates and deflections were very high, and, in the practical 
application of such systems, the effects of factors such as control- 
rate and control-deflection l imitations would have to he considered. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., March 8, 195^* 



NACA TN 3191 


2k 


APPENDIX 

TRANSFER FUNCTIONS APPLICABLE TO PRESENT ANALYSIS 

The longitudinal equations of motion in nondimens ional form used in 
the analy sis are 


' Se) De + (-\ ' V) a ' V (1) 

( 2 “ - Se ) 110 + ^ ■ V (2) 


The transfer function of the airplane that relates normal-acceleration to 
elevator-deflection input in terms of airplane stability derivatives, as 
derived from equations (l) and (2) and the expression 


n = (D0 - Da,) » ^ Dy (3) 

gc gc 

is of the form: 

n _ v£ / AD 2 + BD + C 
6 S’ 5 \ED 2 + FD + G 

where 

A = 2pK Y 2 C L5 

^8 Cl Dx " ^La^S 


- 2 ^D0 + 2 ^a - 
^a^DO 


B 

C 

E 

F 

G 


Cm 5 CL De “ C ^8 C ^D0 "* 

_Cni a CL 5 + <V*-6 
+ 

" 2M,C ^Da + ^e^Dx 
-2^ + C^C Ld0 - 
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The dimensionalized form of the n/s transfer function may be obtained 
by substituting 2. p for D. Then the n/8 transfer function becomes 

f ? 2 + /f/ + c 

e(|) 2 P 2 + F(|)p + 0 

I _ 

The frequency-response form of the dimensionalized transfer function may- 
be obtained by substituting jcu for the Laplace operator p. 

The transfer function of the airplane relating angle of attack to 
elevator deflection can also be derived from, equations (l) and (2) and 
is of the form 


n = 

8 gc 


<x _ P D -f Q. 

8 ED 2 + FD + q 


where 


P = -2pKy 2 C Ls 
Q = 2^5 - C m 5 C L D9 + 

The dimensionalized form of the a/8 transfer function may be 

obtained by substituting 2 p for D. Then the a/s transfer function 
becomes 

F (l> + a 

8 E (v) 2p2 + F (v) p + G 

A block diagram of the normal-acceleration command system considered 
is presented in the analysis. The open- loop transfer function of this 
system is 

np _ % g *l^ 

6 1 + KrY^D 
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where Y]_ is the autopilot transfer function, Yq is the airplane 
transfer function relating pitch attitude to elevator deflection, Yj 
is the airplane transfer function relating normal acceleration to ele- 
vator deflection, and Y^. is the lag-network transfer function. The 
closed- loop transfer function of the system is 


^o 

*i 




1 + 


2o 

£ 


The known transfer functions of the airplane, the autopilot, and the lag 
network, together with the selected parameter settings, were used to find 
the frequency response of the closed- loop transfer function of the sys- 
tem. The frequency-response data were fed into the Fourier synthesizer 
to determine the transient-response characteristics of the system. 

The transfer function relating elevator deflection to the normal- 
acceleration input command of the closed- loop system was obtained from 
the airplane transfer function relating normal acceleration to elevator 
deflection (previously defined) and from the closed-loop transfer func- 
tion of the system relating normal-acceleration output to the normal- 
acceleration input comm and . Thus, 

_ 5 _ = PqAH 

ni no/6 

In a similar manner, the transfer function relating pitch attitude 
to elevator deflection (see ref. 3) was used to establish the tr an sfer 
functions relating pitching velocity to the normal-acceleration input 


S/nq and 9/n.j_ were also 
fed into the Fourier synthesizer to establish the transient-response 
characteristics of these output quantities in terms of the input normal- 
acceleration command. 


command for the closed-loop system. Thus, 


8 _ = 
n i 


8 &i 
no 
5 


The frequency-response data determined for 
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A "block diagram of the automatic control system used when the 
normal-acceleration command system controlled the flight path of the 
airplane is presented in the analysis . The closed-loop transfer func- 
tion of this system is 



xr “o Z 

/e 5-i n 


1 + 




£o 1 

n^ n 


The tr ans fer function relating flight-path angle to normal acceleration 
in the above closed- loop frequency response was determined by using 
equation (3). Thus, 

7 m 
n Vp 

The transfer function relating elevator deflection to the flight- 
path-angle input c ommand of the closed-loop system was obtained from the 
airplane transfer functions relating flight-path angle to normal accel- 
eration nnrl normal acceleration to elevator deflection and from the 
closed- loop transfer function of the system relating flight-path-angle 
output to the flight-path-angle input c omman d. Thus, 

z° 

5_ = 7i 
7± 7p n 
n 5 

In a similar manner, the airplane transfer function relating flight- 
path angle to normal acceleration and the closed-loop transfer function 
of the system relating flight -path-angle output to flight-path-angle 
input co mmand were used to establish the transfer function relating 
normal acceleration to the flight-path- angle input c omma nd. Thus, 


_n _ 7q/7± 

7± 7 0 /n 

The frequency- response data determined for 7 0 /7±> ^/7±> n//^, when 

the noimal-acceleration airplane- autopilot combination was used to control 
the flight path, were also fed into the Fourier synthesizer to establish 
t he transient-response characteristics of these output quantities in 
terms of the flight-path-angle input comnand. 
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Similar transfer functions relating the pertinent variables when 
controlling the flight path with the pitch-attitude command system of 
reference 1 can be obtained by replacing the normal-acceleration tr ans fer 
functions appearing in the equations presented in the preceding para- 
graphs with the corresponding pitch-attitude transfer functions which 
are presented in reference 1. 
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TABLE I.- AIRPLANE CHARACTERISTICS, PLIGHT CONDITIONS, 
AND STABILITY PARAMETERS 




Condition 


Symbol 





I 

II 

III 

IV 


M 

0.5 

0.7 

0.7 

0.9 

h p , ft 

35,000 

0 

35,000 

35,000 

W, lb 

15,291 

15,291 

15,291 

15,291 

S, sq. ft ...... 

288 

288 

288 

288 

b, ft 

37.1 

37.1 

37.1 

37.1 

V, ft /sec 

485 

779 

682 

877 

c, ft 

8.085 

8.085 

8.085 

8.085 

A, deg 

35.23 

35.23 

35.23 

35.23 

% 

0.95 

0.95 

0.95 

0.95 



29,448 

29,448 

29,448 

29,448 

l/c 

2.4 

2.4 

2.4 

2.4 

C L 

0.611 

0.0735 

0.312 

0.189 

A 

4.79 

4-79 

4.79 

4.79 

d 

277-24 

85.807 

277.24 

277.24 

S B 

-0.427 

-0.398 

-0.398 

-0.344 

Sjl 

-0.100 

-0.152 

-0.126 

-0.175 

% 

0.174 

0.162 

0.162 

0.140 

% 

4.355 

4.928 

4.584 

6.016 

Si 

-0.435 

-0.751 

-0.579 

-1.054 

Sit 

-0.791 

-0.825 

-0.825 

-0.848 

V 

0.323 

0.337 

0.337 

0.346 

Sdg 

0.791 

0.825 

0.825 

0.848 

Spe 

-1.897 

-2.017 

-2.017 

-2.074 

%a 

0.1583 

0.272 

o.4o4 

0.392 

S*, 

-0.3876 

-0.664 

-0.991 

-0.962 

de/da 

0.35 

0.395 

0.368 

0.483 
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Figure 5.- Frequency and transient responses of airplane-autopilot 
combination without rate gyro or lag network for conditions I, 
II, HI, and IV. 
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combination with, rate gyro without lag network for conditions X, 
U, III, and IV. 
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Figure 7 •" Frequency and transient responses of airplane-autopilot 
combination with both rate gyro and lag network when beat parameter 
settings obtained at each condition are used. 
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Figure 8.~ Effects of rate gain, settings upon frequency and transient 

responses of airplane-autopilot combination -with both rate gyro and lag 
network. Condition IX (M = 0-7; hp = 0) . 






Figure 9.- Effects of Integrator time constant T upon frequency and 
transient responses of airplane-autopilot combination with both rate 
gyro and lag network. Condition II (M = 0.7; hp = 0) . 








Figure 10— Effects of integrator time constant a upon frequency and 
transient responses of airplane-autopilot combination -with, "both rate 
gyro and lag network. Condition II (M - 0.7; bp = 0) . 
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responses of a irp Lane-autopilot; combination with "both, rate gyro F» nd i ag 
network. Condition III (M = 0.7; h„ = 55,000 feet). 
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Figure 12.- Effects of lag-network time constant r upon frequency and 
transient responses of airplane-autopilot combination with both rate 
gyro and lag network. Condition HI (M = 0.7; hp = 35,000 feet). 
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Figure 13 Effects of integrator time constant ratio a upon frequency 
and transient responses of airplane-autopilot combination with hoth 
rate gyro and lag network. Condi tic®. HI (M => 0.7; hp = 35,000 feet) 
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Figure l4.- Frequency and transient responses of airplane-autopilot 
combination with both rate gyro and lag network when best parameter 
settings obtained at condition III (M = 0.7; hp - 35, OCX) feet) are 
used. 
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Figure 15.- Frequency and transient responses of airplane-autopilot 
combination with both rate gyro and lag network when best parameter 
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Figure 16.- Responses in normal acceleration, elevator deflection, and 
pitching velocity to normal-acceleration command nhen test parameter 
settings obtained at each condition are used. 
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Figure 18 .- Responses in flight path, elevator deflection, and normal 

acceleration to flight-path command when pitch-attitude system (ref. l) 
is utilized as an inner loop. Best parameter settings are used for each 
condition. 
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Figure 20.- Comparison of open-loop transfer function of airplane- 
autopilot combination used for control of pitch attitude with that 
used for control of angle of attack. Lag network incorporated in 
angle- of-attack system. Condition III (M = 0.7; hp = 35,000 feet) 
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